Combining ab initio computations with a probabilistic rate approach, we investigate the bond-rotation mode of plastic yield in boron nitride nanotubes to predict the kinetic and thermodynamic strength. Relative to carbon nanotubes, the boron nitride yield defects have lower activation but higher formation energies. This leads to an interesting phenomenon of strength crossover for these two important materials under different conditions: at moderate temperatures carbon is stronger, while at high temperatures ͑or extremely long times͒ the situation is reversed and boron nitride is more stable thermomechanically. DOI: 10.1103/PhysRevB.72.035418 PACS number͑s͒: 61.48.ϩc, 62.25.ϩg The search for materials forming thin hollow filaments stimulated the prediction and synthesis of boron nitride nanotubes ͑BNNT͒.
The search for materials forming thin hollow filaments stimulated the prediction and synthesis of boron nitride nanotubes ͑BNNT͒.
1,2 Offering a number of appealing properties, like strength, chemical inertness, and large electronic band gap, BNNT has been the focus of recent experimental 3, 4 and theoretical [5] [6] [7] [8] [9] studies. BNNT's mechanical stiffness is comparable to that of carbon nanotubes ͑CNT͒. 5, 6 Beyond the elastic response, dislocation theory and molecular dynamics [7] [8] [9] suggest that mechanically induced defects are similar to those in the CNT: at high temperatures a 5 ͉ 7 ͉ 7 ͉ 5 dislocation dipole must emerge under tensile strain ͑͒ through a Stone-Wales ͑SW͒ 90°b ond rotation. It appears to be the lowest energy defect in the hexagonal BN lattice, and its existence has been recently reported. 10 The important difference in the BN case is the presence in the 5 ͉ 7 ͉ 7 ͉ 5 configuration of two unfavorable homoelemental ͑B-B and N-N͒ bonds. This chemical feature makes the SW defect energetically more costly in BNthan in CNT, either free or under tension ͓E SW BN ͑͒ Ͼ E SW C ͔͑͒. It follows 7, 8 that, in spite of their somewhat lower Young's modulus, the BNNT thermodynamic ͑i.e., infinite time limit and/or very high temperature, T͒ yield strain ͑ SW BN ͒ is, by a large margin, above that for the homologous carbon tube ͑ SW C ͒. Recently, it has been shown 11, 12 for the case of CNT that kinetic factors, like the SW thermal activation, determine the practical ͑finite experiment duration and room temperatures͒ yield strain. Indeed, although at "critical" strain ͑e.g., SW C Ӎ 0.06-0.08, precise value depending on chirality, ͒ SW defects become energetically favored ͑E SW C ഛ 0͒, the activation barrier ͑which controls the rate͒ is prohibitively high ͑ϳ6 eV͒. Thus, emergence of the first defect is delayed towards higher ͑ Ã Ӎ 0.17-0.22͒ strains, 12 where these barriers become surmountable. In the kinetic theory approach, 11 the formation of yield-point defect is treated as a first-order chemical reaction ͑indeed, isomerization in the case of bondflip is discussed here͒. Its rate can be described then in terms of transition state theory, 13 which is time-dependent probability for the structure to overcome the activation barrier and to undergo transition from the initial ͑perfect͒ state into final state with a primary failure defect.
So far, there has been no kinetic assessment of the yield strain in BNNT. Here, we perform optimizations of the pristine and SW-flawed tubes, determine the activation barrier ͑E Ã ͒, and then apply transition state theory to obtain the SW transformation rate as a function of T, , and . The motivation is threefold: First, to calculate BNNT yield strain and its dependence on tube type, temperature, and test time ͑load rate͒. Second, it is interesting to see whether the EvansPolanyi correlation between the activation and formation energy 13 holds, so that at practical conditions the yield level remains greater than carbon, as in thermodynamic limit. ͑In this case an alternative nonactivation brittle mechanism 14 could become important.͒ Finally, if a low-temperature rateapproach analysis sets BNNT yield strain lower than for CNT, the conditions crossover should be explored, that is, where thermodynamically stronger BNNT 8 becomes weaker under tension than a similar CNT.
The probability of a SW defect to occur depends exponentially on the energy barrier. An accurate evaluation of the transition state ͑TS͒ is desirable and requires a computationally demanding theoretical framework. Our calculations use density functional theory ͑DFT͒ with the functional of Perdew, Burke, and Ernzerhof 15 ͑PBE͒ and the double-zeta quality 3-21G basis set, all implemented in GAUSSIAN 03. 16 Since we are interested in computing the energy of isolated defects, the cluster approach was preferred over the periodic boundary condition ͑PBC͒ one. This is because the close proximity of defect images in PBC could change the computed energy significantly. To locate saddle points on the potential energy surface ͑PES͒, we applied the synchronous transit method guided by preliminary guesses near the 45°bond rotation, followed by a quasi-Newton optimization to the TS state. 17 Note that our search was not restricted to in-plane rotations only, and out-of-plane TS guesses were considered. Such TS search is completely "hands off," with no additional constraints along the reaction path that could cause unwanted artificial forces and strains. Frequency calculations ͑feasible in the cluster approach only͒ were performed on selected TS configurations in order to verify they are indeed first-order saddle points. In addition, intrinsic reaction coordinates ͑IRC͒ with the Gonzalez-Schlegel 18 algorithm were computed to verify the connectivity of minima and saddle points. As in previous studies, 7, 8, 12, 14 to impose the external strain, the geometries were optimized under the constraint of fixed distances between pairs of atoms located at opposite ends.
A nanotube is characterized by its radius R and chirality angle . To separate the effects of these parameters on E and E SW , we performed computations on armchair tubes of different R and on armchair and zigzag tubes of nearly equal R. We first consider the SW flip in a strain-free flat BN cluster ͑B 60 N 60 H 30 ͒. The 90°rotation of a central B -N bond leads to a metastable SW configuration of energy 5.6 eV. 19 The most economical path to a SW defect involves the planar TS shown in Fig. 1͑a͒ . On the PES this structure formally corresponds to a first-order stationary point and has an energy of 8.5 eV. Further, we obtain that the intrinsic cylindrical curvature ͑1/R͒ has the effect of lowering this energy barrier very little. For instance, the 90°flip of a transversely aligned bond encounters barriers of 8.0 and 7.8 eV in ͑6,6͒ and ͑5,5͒ BNNT, respectively. Next, we extended our analysis to the activation of various bonds in the ͑5,5͒ and ͑10,0͒
NTs ͓Figs. 1͑b͒-1͑g͔͒, both of similar curvature ͑R Ӎ 3.4 Å͒. The obtained E Ã values, entered in the first line of Table I , again display a weak dependence ͑7.4± 0.4 eV͒. For completeness, the computed formation energies of SW defects were also entered in Table I .
In contrast to the SW formation energies, which are higher in BNNT, the activation barriers obtained here are lower than in CNT, 12 against the Evans-Polanyi rule. 13 This shows a reduced influence of the two unfavorable B -B and N -N interactions in the TS geometry. To gain more insight into the process of SW rearrangement of a B -N polar bond, we investigated the self-consistent electronic charge distribution around the bond rotation area ͓Fig. 2͑a͔͒ and the energetics of the reaction path ͓Fig. 2͑b͔͒. On the presented charge density isosurface one can first recognize the expected tendency of B -N bonding charge to displace toward the anionic N sites. A closer examination of the TS state ͓Fig. 2͑a͒, left͔ reveals shortage of bonding charge both between the "old" B -N and the incipient B -B and N -N bonding sites, suggesting a mechanism of concerted breaking and/or formation for the heteroelemental and/or homoelemental bonds, with no intermediate steps. Turning to the CNT comparison, the lower barrier in BNNT ͓the first part of Fig.  2͑b͔͒ is consistent with the bond strength decrease with polarity. 20, 21 On the other hand, the following concerted formation of two new bonds against the Coulomb repulsion gradually elevates the BN energy profile over the C curve. The charge residing on the homoelemental bonds in the SW configuration is visible in Fig. 2͑a͒ , right.
An external tension changes the E Ã and E SW values significantly, as Fig. 3͑a͒ shows. At ϳ 0.12 the 5 ͉ 7 ͉ 7 ͉ 5 defect becomes thermodynamically favored, but maintains a high 2.5 eV barrier. Figure 3͑b͒ plots the results at = 0.12 ͑Table I͒ as a function of chirality ͓0°, 180°͔. Our data show a pronounced sinusoidal profile, with a 180°periodic-ity due to the inversion symmetry of external strain field. The fitting to the computed data of , , and 1 / R dependencies leads to the interpolations, in eV Due to the sublattice symmetry breaking, in a generic ͑n , m͒ BNNT the clockwise or counterclockwise bond rotations lead to distinct SW final states. Therefore, the extended zone representation 11, 12 of Fig. 3͑b͒ includes, for both E Ã ͑͒ and E SW ͑͒, six distinct branches corresponding to three different bonds ͑h-horizontal, u-upward, d-downward͒, each having two possible rotation directions. Under thermal fluctuations all these provide concurrent, parallel channels for the relaxation in the lattice. The fastest of them determines the observable yield event. By folding into ͓0°,30°͔ reduced zone, one identifies the clockwise rotation of the horizontal ͑h͒ bond of Fig. 1 as the main relaxation channel. The same bond-rotation direction combination was previously associated with the SW yield in CNT. 12 Now we can discuss the BNNT yield conditions. For a given bond, the time-dependent flip probability n͑t͒ obeys the master equation
With the initial n͑0͒ = 0 condition, the obvious solution is 
FIG. 3. ͑Color online͒ Stone-Wales activation E
* and formation E SW energies ͑a͒ function of an external strain at = 30°and ͑b͒ function of at = 0.12. The bond orientation notations ͑color code͒ is the same as in Fig. 1 . Both clockwise ͑solid lines͒ and counterclockwise ͑dashed lines͒ rotations are included.
͑4͒
The forward and backward transition rates are
, where k B is the Boltzmann's constant, = k B T / h is a standard transition state theory attempt frequency, and the steady-state defect fraction is
When applying this probabilistic approach to the yield process, it is important to recall that SW defects can emerge varyingly at small or no tension, without leading to yield. To cause an irreversible yield sequence, a SW defect must be favored thermodynamically, such that it is more likely to evolve into a dimer and so on, rather than restore to a perfect lattice. Thus, one condition for yield appears to be the thermodynamic criterion
͑Note the independence of temperature, time, and the sample size.͒ Further, in order for such yield process to actually start, at least one defect should form among the large number of bonds N b in the initially pristine BNNT, that is, a kinetic requirement N b n͑t͒ ജ 1. For not too long times and lower temperatures, when t Ӷ ͑K → + K ← ͒ −1 , the exact solution ͑4͒ can be approximated as n͑t͒Ӎn ϱ ͑K → + K ← ͒t = K → t. The kinetic condition written in terms of barrier height becomes
͑Notably, the kinetic criterion does depend on temperature, time duration, and the sample size.͒ To determine the yield point at room-temperature conditions, the fulfillment of criterion ͑6͒ appears sufficient. 11, 12 Using the computed activation energy data summarized by Eq. ͑1͒ and imposing condition ͑6͒, one can obtain the external strain Ã at which a SW defect forms. Considering a tube of length L =1 m and R = 0.34 nm, where the number of bonds is N b = 360LR /nm 2 , Fig. 4 summarizes the obtained dependence of Ã on , at various test times. As Ã Ͼ SW BN , it is clear that the emerging SW defects proliferate and lead to failure. As pointed out by the lowest curve of Fig. 4 , all BNNT samples must be kinetically stable against bond rotations up to at least a 0.12 elongation. We also note that the dependence is similar to that for CNT. 12 However, the kinetic conditions for the yield are met earlier, at strain 0.03 lower than in CNTs. We conclude that at room temperature the yield is kinetically limited and BNNT ͑with its lower activation barrier͒ must be weaker than the CNT, which is a result that could not be foreseen previously. 7, 8 At higher temperatures both thermodynamic and kinetic criteria become necessary. Of particular interest is the intermediate strain range SW C ϽϽ SW BN , since high T permits massive proliferation of SW defects in CNT but not in BNNT. ͓Note that in this T regime the approximation n͑t͒ Ӎ K → t is no longer valid and the full solution ͑4͒ must be used.͔ As an example, Fig. 5 shows the evolution of number of SW defects at = 0.10 and T = 1200 K in ͑5,5͒ BN and CNT. We see that, due to the lower barrier, a SW defect emerges rapidly ͑ϳ0.1 s͒ in the BNNT. However, since at this strain level the barrier for backflip ͑E Ã − E SW = 2.4 eV͒ is lower than the direct one ͑E Ã = 3.6 eV͒, their concentration remains low, insufficient to cause failure. On the other hand, in CNT the SW defects emerge slower ͑ϳ1 min͒, but their number accumulates, since the direct barrier ͑4.7 eV͒ is lower than the backflip one ͑6.7 eV͒, and eventually leads to failure.
Finally, at very high temperatures and/or long waiting times the criterion ͑5͒ is sufficient; this regime was previously discussed. 7, 8 In summary, from DFT computations and a rateprobabilistic approach, we describe the kinetics of the bondrotation mode of plastic yield in BNNT and predict the kinetic 11, 12 and thermodynamic 7, 8 strength of this material. Compared with CNT, BNNT has lower SW activation energies but higher formation energies. This leads to an interesting phenomenon of strength crossover for these two homologous materials at different conditions: At room temperatures CNT appear to be stronger, as the first SW defect emerges at a higher strain ͑well above SW C and SW BN ͒. At high temperatures ͑or extremely long times͒ for SW C ϽϽ SW BN , the situation is reversed because, although SW defects still emerge faster in BNNT, their proliferation is halted before failure due to the higher "healing" backflip rate. The homogeneous nucleation of the first lattice defect can trigger subsequent relaxations ͑treated here in a mean-field probabilistic fashion͒. For example, by further SW flips both brittle ͑by dislocation pileup and crack extension͒ or plastic ͑separation of dislocations and their glide away from each other͒ routes are possible, as discussed in CNT systems. 22 Notably, in BNNTs the extra chemical component would introduce a bias toward the more interesting plastic route, since separation of the 5 ͉ 7 core conserves the number of homoelemental bonds.
